The determination of 11 -nor-hg-THC-9-carboxylic acid (THC-COOH) in hair specimens at the sensitivity required to detect marijuana users is a difficult analytical problem. A sensitive and specific method has been developed for the quantitative assay of THC-COOH in hair. Hair specimens were washed, incubated in sodium hydroxide, subjected to solid-phase extraction, and analyzed using high-volume injection coupled with negative chemical ionization (NCI) mass spectrometry. A common disadvantage of chemical ionization, the production of a single mass-to-charge ratio ion, was also addressed. By specific selection of the derivatizing agent, three ions were monitored, allowing the calculation of two ion ratios, as in electron impact mode. The method was applied to several hair specimens taken from known marijuana users and workplace specimens. This is the first publication describing the use of high.volume injection and NCI mass spectrometry for the determination of THC-COOH in hair.
Introduction
Hair is used as a specimen for the determination of drug use over a long-term period and is becoming widely accepted in the scientific community. There are numerous publications addressing analytical methods for the determination of cocaine and its metabolites (1, 2) , opiates (3, 4) , amphetamines (5), and phencyclidine (6) in human hair.
Tetrahydrocannabinol (THC) is the most active of the principal constituents of marijuana. It is administered either orally or by smoking in approximate doses of 5-10 rag, resulting in euphoria, hallucinations and often sedation. THC is lipophilic and is distributed widely in the body. It is oxidized to two active metabolites, 11-hydroxy-Ag-THC and 8-~-hydroxy-Ag-THC, which do not achieve high concentrations in blood. Other inactive metabolites are also formed. 11-I-Iydroxy-~9-THC is further oxidized to 11-nor-Ag-THC-9-carboxylic acid (THC-COOH), which is conjugated with glucuronic acid and predominantly excreted in the urine.
The detection of THC-COOH in hair is indicative of drug ingestion as opposed to environmental contamination (e.g., marijuana smoke), which may cause detectable concentrations of native THC. The presence of THC-COOH in hair may be interpreted as an indication that a person ingested marijuana during the time frame represented by the hair specimen.
The difficulties associated with the confirmation of THC-COOH in hair, have restricted the number of technical procedures available for the analysis, and these have either required triple quadropole instrumentation (7) or have not reached the sensitivity required for routine workplace testing. A previously reported gas chromatography-mass spectrometry with negative chemical ionization (GC-MS-NCI) procedure detected THC-COOH in the hair of chronic marijuana users and had a detection limit of 5 pg/mg (8). In another study, a limit of quantitation of 10 pg/mg using single-stage GC--M8 was not sufficient for the detection of THC-COOH in the hair of known cannabis users, although parent THC was detected (9). The purpose of our study was to develop a procedure with adequate sensitivity to determine THC-COOH in the hair of cannabis users, without the need for expensive and difficult to operate tandem mass spectrometers. To date, it has generally been accepted that triple quadrupole instruments are required to achieve below I pg/rng concentrations in hair (7) when two ions are monitored (either parent or daughter ions).
Our method utilizes a bench-top single-stage quadrupole instrument adapted for a high-volume injector in order to achieve the required sensitivity.
Experimental

Chemicals and reagents
THC-COOH and deuterated THC-COOH-d3 were obtained from Cerilliant (formerly Radian Corporation, Austin, TX). Solid-phase mixed-mode hydrophobic/anion exchange extraction cartridges (ZSTHC020) were obtained from United Chemical Technologies, (Bristol, PA). All solvents (methylene chloride, n-hexane, ethyl acetate, acetonitrile, methanol, acetic acid, hydrochloric acid, sodium hydroxide, and toluene) were ACS grade or better. Derivatizing agents, trifluoroacetic anhydride (TFAA) and 1, 1, 1, 3, 3, 3 hexafluoroisopropanol (HFIP) , were obtained from Campbell Scientific (Rockton, IL).
Standards and solutions
Internal standards. The vials containing THC-COOH-d3 were emptied using glass pipettes into volumetric flasks and diluted in methanol to give a working solution of 20-ng/mL concentration. These standards were stored at-20~
Unlabelled standards. The vials containing THC-COOH were diluted to give working solutions of 10-ng/mL and 1-ng/mL concentration. These standards were stored at-20~
Controls. Previously certified drug-free hair was used as the negative control. A high-positive control at a concentration of 2.5 pg/mg was prepared for analysis with each batch.
Sample digestion and extraction
Hair (20 mg) was transferred into a microcentrifuge tube. Methylene chloride was added (1.5 mL), vortex mixed briefly, and centrifuged (10 min; 2500 rpm). The methylene chloride was decanted and the hair allowed to dry. The hair was then cut into small pieces and placed into a silanized glass tube. The internal standard, THC-COOH-d3, (5 pg/mg) was added to the tube. At the same time, a drug-free negative control and a high (2.5 pg/mg) control were prepared. To all tubes, 1N NaOH (1 mL) was added; the tubes were capped and incubated at 80~ for 30 min. The specimens were centrifuged at full speed for 10 min. The supernatant was poured into tubes containing acetic acid (1 mL), 1M acetic acid (3 mL), and 0.1M sodium acetate buffer (pH 4.5, 2 mL). The tubes were capped, inverted, and vortex mixed (30 s). Solidphase extraction cartridges (ZSTHC020) were conditioned with methanol (3 mL), deionized water (3 mL), and 0.1M hydrochloric acid (1 mL). The specimens were allowed to drain through the column. The column was washed with deionized water (2 ml) and 0.1M hydrochloric acid/acetonitrile (70:30, v/v) (2 mL). The columns were dried at full vacuum. Silanized glass collection tubes were placed beneath the corresponding columns, and the THC-COOH was eluted with hexane/ethyl acetate (75:25, v/v) (3 mL). The eluates were evaporated to dryness in a TurboVap (Zymark) at 40~ Derivatization TFAA (40 ~L) and HFIP (20 gL) were added to the dry residue.
The mixtures were transferred into autosampler vials, capped, and heated at 80~ for 45 min. The caps were removed, and the derivatized mix was re-evaporated to dryness in a vacuum oven. The specimens were finally reconstituted in toluene (30 gL) and capped in readiness for injection onto the GC-MS system.
Analytical conditions
Analysis of the extracts was performed using a Hewlett Packard 6890 GC coupled to a 5973 MS operating in the negative ion chemical ionization mode using high purity methane or anhydrous ammonia as the reagent gas. The analytical column was a HP-5 MS 5% phenyl-95% methyl silicone (30 m x 0.25-mm i.d., 0.25-~tm film thickness).
High-volume injection. The injector used was a ProSep High
Volume Injector (Apex Technologies, Cincinnati, OH). The ProSep injector has the capability of heating and cooling rapidly (up to 500~ and can inject up to half the syringe volume. In our procedure, a 504tL syringe was used, therefore allowing up to 25 ~tL to be injected onto the GC column. The injection was operated as a "slow" injection, and pre-and post-injection dwell times were set at 0.03 min. The Apex System was run in pulsed split mode with a pulse pressure of 25 psi. The pulse time was 1.75 rain, and the split ratio was 10.776:1. The split flow was 13 mL/min and the total flow was 18.4 mL/min. The gas saver was operated at 30 mL/min.
Oven parameters. The initial GC oven temperature was 110~ for 2 min. The temperature was then ramped at 25~ to 320~ where it was held for I rain. The transfer line was set at 280~ The quadropole temperature was set at 106~ and the source temperature was 130~
Methane or ammonia was used as the reagent gas and was optimized daily according to the tuning parameters. Tuning was performed utilizing methane for both reagent gases; however, the optimal methane tuning parameters were transferred into the ammonia tune file, which resulted in superior ammonia sensitivity and minimized background noise. The methane gas pressure was 40 psi (2.0 x 10 .4 Torr), the ammonia gas pressure was 5--10 psi (1.3 x 10 -4 Torr), and the operation was in negative ion chemical ionization mode. The selected ions (re~z) were 422.2, 628.2, and 590.2 for THC-COOH and 425.2 and 593.2 for THC-COOH-d3 (quantitation ions underlined), and the dwell times were 50 ms.
Results and Discussion
Linearity
The linearity of the assay was performed using hair specimens taken from drug-flee individuals and fortified with 0.3 to 20 pg/mg of THC-COOH with 5 pg/mg of THC-COOH-d3 added. The assay was linear over the range tested with a correlation coefficient of r 2 = 0.993. The reporting range is 0.5--20 pg/mg of THC-COOH in hair. Samples that quantitate less than 0.5 pg/mg are reported as "negative"; samples quantitating higher than 20 pg/mg are reported as "greater than 20 pg/mg'.
Chemical ionization spectra
The emergence of chemical ionization as a fragmentation technique has been the subject of some discussion within the scien-tific community regarding the utility and validity of single ion analysis (10). Usually one of the criteria for reporting data is for the calculated ion ratio to be a certain percentage of the expected ratios. However, this is under electron impact (EI) mass spectrometric conditions, not when using chemical ionization (CI) parameters. Using CI, a milder fragmentation technique, usually only one ion (the molecular ion) is produced in the mass spectrum. Positive specimens must show analyte peaks free from potentially interfering peaks and the monitored ions must be sufficiently specific to the drug being analyzed to instill confidence in its identification. By using a TFAA/HFIP derivative of THC-COOH under these conditions, two ions (using methane) (Figure  1 ), or three ions (using ammonia) are produced and can be used to determine ion ratios In our procedure, the determination of positivity is based on: (1) presence of the selected ions in the mass spectrum within 30% of the calibration ratio; (2) retention time of the peak compared to the internal standard; (3) comparison of the specimen to the known controls in the same batch; and (4) adequate chromatographic removal from other peaks arising from the matrix. Because the two laboratories used different reagent gases, a brief comparison of this method utilizing methane or ammonia as the reagent gas is shown (Table I) . Ammonia is a corrosive gas, and it can cause negative baseline deflection and instability. However, it displays lower background than methane and provides better sensitivity than pure methane if three ions are monitored.
Specimens from known marijuana smokers
An estimate of frequency of marijuana use was obtained from six individuals and their hair specimens were analyzed using this method, along with hair specimens from three known negative donors. The results are given in Table II . The authors are aware of the limitations of self-reported drug usage; however, the longterm daily users were detected using this technique at varying concentrations. One individual who admitted to smoking marijuana once a month confirmed negatively for THC-COOH. The highest concentration of THC-COOH was detected in a weekly user (12.9 pg/mg) rather than the reported daily smokers (0.6--1.39 pg/mg). One of the non-smokers lives with a daily user and tested negative for THC-COOH.
Workplace specimens
The concentration range of THC-COOH found in 155 workplace specimens that confirmed positively using this method, are shown in Figure 2 . The median concentration detected was between 1.5 and 2.0 pg/mg (29%). Utilizing a 0.5-pg/mg cutoff, a 93% confirmation rate for samples screening positive was achieved. 
Conclusions
This is the first report of the determination of THC-COOH in hair using bench-top GC-MS with high-volume injection. The assay is used routinely for the analysis of workplace specimens that have previously screened positively for cannabinoids using microplate enzyme immunoassay. Using ammonia as a reagent gas, the LOD was 0.3 pg/mg, and the LOQ was 0.4 pg/mg. Monitoring one or two ions would probably increase the sensitivity of the assay. Additional research utilizing a 50:50 mix of methane/ammonia is currently under way to determine whether additional, more abundant, or more stable ions can be produced at lower sub-picogram levels. 
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